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(57) ABSTRACT

A method of generating 2D or 3D maps of MRI T, and T,
relaxation times by acquiring 2D or 3D MRI gradient-echo
images and extracting the T, and T, values from the images,
wherein MRI images are acquired using a combination of
gradient-echo sequences, including a first MRI image
acquired using a SSFP-FID (Steady State Free Precession-
Free Induction Decay) acquisition sequence; two further
images acquired using a Dual-Echo SSFP acquisition
sequence; and the T, and T, values are extracted for each
image pixel or voxel from the corresponding MRI signals.

10 Claims, 4 Drawing Sheets
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1
METHOD OF GENERATING 2D OR 3D MAPS
OF MRI T, AND T2, RELAXATION TIMES

FIELD OF THE INVENTION

The present invention relates to a method for generating 2D
or 3D maps of MRI T, and T, relaxation times by acquiring
2D or 3D MRI gradient-echo images and extracting the T,
and T, values from said images.

BACKGROUND OF THE INVENTION

The terms 2D and 3D designate images of two-dimen-
sional and three-dimensional maps respectively, as is gener-
ally used in the field of diagnostic magnetic resonance imag-
ing (MRI).

In the field of MRI, relaxation time mapping is a useful
imaging instrument which is profitably used in the diagnosis
of'diseases affecting a variety of anatomic regions, from brain
to limbs.

At present, the most advanced protocol for 3D T, and T,
relaxometry involves the acquisition of 4 sequences (Deoni et
al. US2005/0256393). Such great number of acquisitions has
two apparent drawbacks, which might affect the quality of
results and have an impact on everyday clinical practice: on
the one hand the long duration of the protocol; on the other
hand the considerable risk that any inadvertent movement of
the patient might affect the quality of the individual images
and perfect registration of different series (which is essential
during combined post-processing of contrasts).

Document “T1 Quantification With Inversion Recovery
TrueFISP” by Klaus Scheffler and Juergen Henning, Mag-
netic Resonance in Medicine, 45:720-723 (2001) discloses
the use of a True FISP sequence for determining T, maps.
TrueFISP sequences are subjected to a series of artefacts, the
most relevant of which is the so called “banding artefact”.
This artefact is generated by the modulation of the signal in
bands in as a consequence of varying homogeneity of the
field. This particular artefact is clearly disclosed in the above
mentioned document and particularly in FIG. 5 at page 722.
From the disclosure of this document it appears clearly that
the intensity profile of the T, map due to the above artefacts
may be subject to intensity modulation of about 100% of the
mean value.

Thus using a TrueFISP sequence for determining T, maps
cannot lead to a sufficient quality of the said quantisation.

Document “Rapid estimation of Cartillage T2 Based on
Double Echo at Steady State (DESS) With 3 Tesla” by Goetz
H. Welsch et al, Magnetic Resonance in Medicine, 62:544-
549 (2009) discloses the use of a DESS sequence for estimat-
ing T, maps.

Document US2008/197841, discloses a system for deter-
mining exemplary values for acquisition parameters for a
given imaging time by using signals caused each by one of
two different excitation sequences one of which is specified to
be a double spin echo sequence. The double spin echo
sequence has nothing in common with a DESS sequence. In
particular the Double Spin Echo sequence necessitates of an
acquisition geometry and of acquisition times which are com-
pletely different from the ones of the steady state sequences.
In addition it would be very difficult to integrate a Double
Spin echo sequence with a steady state sequence for mapping
T, and T, because the signals acquired with the steady state
sequence are dependent from T,* while the signals acquired
with the double spin echo sequence do not show this depen-
dence.
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None of the methods disclosed in the above mentioned
documents tries to take into account the bias effects and
systematic errors introduced in the relaxometry by the SS
contrastdependence on the T, *. The T,* relaxation time has a
different behaviour as the T,. Not considering the influence of
the T,* lead to artefacts and errors in the determination of the
mapping of the relaxation times.

SUMMARY OF THE INVENTION

In view of obviating these weaknesses, a method is dis-
closed herein for acquiring and processing steady-state 2D or
3D MRI sequences, which provides proton density maps, T,
T, and T,, from two acquisitions only.

The invention achieves the above purposes by providing a
method as described above, in which MRI images are
acquired using a combination of gradient-echo sequences,
including:

afirst MRIimage acquired using a SSFP-FID (Steady State
Free Precession-Free Induction Decay) acquisition sequence;

two further images acquired using a Dual-Echo SSFP
acquisition sequence.

The T, and T, values are extracted for each image pixel or
voxel from the corresponding MRI signals.

SSFT-FID and dual-echo SSFP sequences are known and
widely used and are described in greater detail in Sobol
W T & Gauntt D M, “On the Stationary States in Gradient
Echo Imaging,” J. Magn. Reson. Imaging, 1996; 6:384-398;
Hanicke W & Vogel H U “An Analytical Solution for the
SSFP Signal in MRI;” Magn. Reson. Med., 2003; 49:771-
775; Bruder H, Fischer H, Graumann, R & Deimling M, “A
New Steady-State Imaging Sequence for Simultaneous
Acquisition of Two MR Images with Clearly Different Con-
trasts,” Magn. Reson. Med. 1988; 7:35-42.

T, and T, maps are obtained assuming that the only physi-
cal parameters that affect signal formation are pure longitu-
dinal (T,) and transverse (T,) relaxation times, Free Induc-
tion Decay time (T,*) and proton density. Therefore,
diffusion, perfusion, chemical shift, magnetization transfer
and other parameters that may possibly independently affect
contrast are neglected.

Also, single-exponential relaxation is assumed for the lon-
gitudinal and transverse components of the magnetic moment
associated with each voxel: inherent multi-exponential relax-
ation (on a microscopic scale) and Partial Volume effects,
known as PVE (on a macroscopic scale) will generally gen-
erate artifacts upon reconstruction.

According to an improvement, the above method acquires
the 0-order unbalanced steady-state coherent magnetization
of'the first SSFP-FID sequence and 0 and (-1) order magne-
tization for the two images of the dual echo SSFP sequence
respectively.

Namely, the method of the present invention allows deter-
mination of T; and T, values for each pixel or voxel from the
MRI signals received in the acquisition of said images,
through the steps of:

eliminating the dependence on the T,* parameter by gen-
erating the quotients of the MRI signals for the first image
acquired using the SSFP-FID sequence and those for the
second image obtained from the first echoes of the dual-echo
SSFP sequence, and the quotients of the signals for said third
image and those for said second image, acquired from the
second and first echoes of the dual-echo SSFP sequence
respectively;

determining the maps of T, and T, relaxation times from
the equations of the previous step using numerical inversion
methods.
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In principle, known inversion methods may be used, such
as the one known as Newton-Raphson 2D method and others,
as well as different methods that are specially developed and
optimized for this numerical problem.

Particularly, a method that is specially developed for this
problem is the one known as simplex-based interpolation,
which will be described in greater detail below.

According to a further improvement, the method of the
present invention determines the proton density map accord-
ing to the maps of calculated T, and T, relaxation times.

Furthermore, the method determines the map of T,,, param-
eters according to the values of the T, and T, relaxation time
maps.

Advantageously, the invention provides optimization of
acquisition parameters. Such optimization is carried out
empirically, by making a chart with the actual distributions of
relaxation times in a predetermined region under examina-
tion;

determining the numerical average signal-to-noise ratio
value from the maps of T, and T, relaxation times so recon-
structed as a function of the variations of acquisition param-
eters for various flip angles, repetition times and sampling
band widths;

maximizing the signal-to-noise ratio and using the param-
eters related thereto.

As a further improvement, a step is provided for correction
of signal-to-noise ratio according to the number of additional
excitations exceeding those of a sequence having shorter
repetition times.

Further improvements will form the subject of the depen-
dent claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The characteristics of the present method and the advan-
tages of the present method will appear more clearly from the
following description of a few non limiting embodiments,
illustrated in the annexed drawings, in which:

FIG. 1 is a diagram of the first SSFP-FID acquisition
sequence. The diagram shows RF excitation pulses, refer-
enced RF, the readout gradient, referenced GR and the vari-
ous magnetization orders. The horizontal x-axis indicates
time. The circles designate the time of acquisition of the
center-of-the-echo signal, which is useful for the method of
the invention.

FIG. 2 is a diagram of the second dual-echo SSFP acqui-
sition sequence. The structure of the diagram is the same as in
FIG. 1 and, since the 0- and —1-order magnetization signal is
considered here, the circles indicate the readout times for the
central signals of corresponding echoes.

FIG. 3 shows an illustrative histogram for optimization of
acquisition parameters.

FIG. 4 shows a 3D Dual-Echo SSFP (Sham) negative
image in the sagittal plane.

FIG. 5 shows a T, map of the same individual as in FIG. 1,
where the arrow shows a focal alteration in the femoral car-
tilage.

FIG. 6 shows the T, ,, map of the same individual as in FIG.
1, where the arrow shows a focal alteration in the femoral
cartilage.

FIG. 7 shows a 3D Dual-Echo SSFP (Sharc) image with no
evidence of abnormality in the cartilage, with a slight
hypointensity in the back of the femoral condyle.

FIG. 8 shows the T, map of the same patient as in FIG. 7,
in which a focal alteration of the femoral cartilage is shown
(by an arrow), which alteration was not visible in the 3D
Dual-Echo SSFP (Sharc) image.
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FIG. 9 shows the T,, map of the same patient as in FIGS. 7
and 8, in which a focal alteration of the femoral cartilage is
shown (by an arrow), which alteration was not visible in the
3D Dual-Echo SSFP (Sharc), with a marked focal alteration
being also shown for the signal of the adjacent bone marrow,
as was also visible in the image of FIG. 8 and was not visible
in that of FIG. 7.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

Referring to a method according to the present invention,
the T, and T, maps are obtained by acquiring 2D or 3D MRI
signals using two sequences only.

The sequences that are used to generate relaxometry maps
are steady-state 3D gradient-echo sequences. This will com-
bine the typical advantages of 3D imaging sequences, i.e.
speed, resolution and signal-to-noise ratio SNR with simple
calibration of the system, which is a feature of the relaxom-
etry method as disclosed herein.

The first of the two sequences that are used in the method
of the present invention is a so-called SSFP-FID sequence
(see references above).

Assuming a SSFP-FID sequence (Steady-State Free-Pre-
cession Free Induction Decay—FI1G. 1) with a repetition time
Tz, an echo time T, and a flip angle a, the equation that
describes the signal corresponding to 0-order unbalanced
steady-state coherent magnetization is (Sobol W T & Gauntt
D M, “On the Stationary States in Gradient Echo Imaging,” J.
Magn. Reson. Imaging 1996; 6:384-398; Hanicke W & Vogel
H U, “An Analytical Solution for the SSFP Signal in MRI,”
Magn Reson Med 2003; 49:771-775):

So(Tg, @, Tg) = (n
Mosina- L= TR 17 @)~ Ba(Tp)- (T, o] TETS,
p(Tr, @)
where
Ey(Tg) = exp(~=Tg /T1), 2
Ex(Tg) = exp(=Tr/T2), 3
vl o) = PIve “
VP2(Tr, @) — ¢*(Tk, @)
Tr. 5
(T ) = 2202 g oy -1, ©
q(Tr, @)
p(Tg, @) = 1 — E|(Tg)-cosa — E5(Tg) - [E|(Tg) — cosa] (6)
€
q(Tg, @) = Ex(Tg)- [l — E(Tg)]-[1 + cosa]. (7

where Ty is the repetition time and T is the echo time,
whereas a is the so-called flip angle.

The second sequence is a dual-echo SSFP sequence
(Bruder H, Fischer H, Graumann R & Deimling M, “A New
Steady-State Imaging Sequence for Simultaneous Acquisi-
tion of Two MR Images with Clearly Different Contrasts,”
Magn. Reson. Med. 1988; 7:35-42) and allows separate
acquisition of O (at time Ty;) and -1 (at time T;2) order
unbalanced steady-state coherent magnetization in a single
Tz. The equation for the 0-order signal coincides with the
equation designated as Eq. 1 for the SSFP-FID sequence,
whereas the —1-order sequence is given by (Sobol & Gauntt
1996; Hanicke & Vogel 2003):
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S_1(Tr, @, Tg) = ®
1-E(T, Tr, "
Mosina - 1-ETe) [M —u(Tr, w)] e~ TRTEVTS
p(Tg, @) Ey(Tg)

A comparison of the equations for the 3 acquired signals
(Egs. 1 and 8) shows that factorization of spurious depen-
dence on T,* requires T ;=T =Tz~ Tp,-

The T, and T, maps are obtained as follows:

Assume that [, |, and I; are the images reconstructed from
SSFP-FID, the first and second echoes of the Dual-Echo
SSFP, respectively.

Assume the derived images

D=1/l ©)]

Dy=Iy/L, 10)

whose signal equations are:

. 1= E(Tr1) an
sine; - ——=- [et(Tr1» 1) — E2(Tr1) ety (Try, @1)]
5 = p(Tg1, a1)
T EUR)
sinay + ——————[uo(Tr2, @2) — E2(Tr2) - tt1 (T2, @2)]
P(Tr2, @2)
ur(Tra, @2) 12)
—— —up(Tpa,
Ex(Tr) o(Tr2, @2)

2= .
uo(Tre, @2) — Eo(Tra) -1 (T2, 22)

It will be appreciated that Egs. 11 and 12 show no depen-
dence on T,* and longitudinal equilibrium magnetization
MO:except the dependence on acquisition parameters, the
signals of the 2 derived images only depend on T, and T .

Therefore, Egs. 11 and 12 may be inversed to determine,
voxel by voxel (or pixel by pixel), pure relaxation times in the
region being imaged.

In principle, any method for (numerical) inversion of a
non-linear system of 2 equations in 2 unknowns may be used.

In order to prove that any inversion method is effective, two
different methods will be described herein, i.e. a first method
that uses a known algorithm and a second method that has
been specially developed for this kind of problem.

The first method is the so-called Newton-Raphson 2D
method (Press W H, Teukolsky S A, Vetterling W T & Flan-
nery B P, “Numerical Recipes, The Art of Scientific Comput-
ing,” Third Edition, Cambridge University Press, New York
(2008)).

Gi(Ty, 7)) =Si(T1, T))-D; =0 i=1,2, (%)

then
7]
T=
T

may be determined by successive approximation

14

Tew = Tota =47 (Toi) - G(Toiz), 1%

where

(16)
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The second method is defined as simplex-based interpola-
tion method.

This second method for numerical inversion of equations
to determine T, and T, values requires a greater implementa-
tion effort, but provides accurate and robust results, that
would be hardly obtained by the Newton-Raphson method, as
well as lower computational costs.

The starting point is the S function, already used in Eq. 13:

S:R? 5 R? an

T S (18)
[Tz}ﬁ[sz}.

The plot for this function defines a 2-dimensional variety in

a 4-dimensional space, which may be sampled by determin-
ing S over a rectangular grid T of the domain:

{B 9 55,8, S(IHi=1, ... i j=1, ...

M} (19)

Since an approximation of S~! is only needed to associate
the signals of D1 and D2 images with the relaxometry values
that determine them, the two-dimensional Delaunay triangu-
lation DT(é) is determined for the set of points

S TSI} (20)

The choice of this triangulation among the others is aimed
at minimizing the difference in the internal angles of its
triangles, due to the property of Delaunay triangulation that
the circumcircles of the individual triangles contain no other
vertices.

In relation to the above it has to be noted that the two
dimensional surface on which the said points are located is a
projection of a generic surface on an Euclidean two dimen-
sional plane and the metric is therefore Euclidean so that the
existence and the uniqueness of the Delauny triangulation is
guaranteed.

Once DT(S) has been obtained, the required approxima-
tion of ™! may be determined on the convex envelope of S, by
linear interpolation on the simplexes eDT(é), knowing that

STS=1 1)

Once the maps T,™ and T,™ have been constructed, then a
proton density map may be derived, by replacing the relax-
ation times T,” and T,” in Egs. 2-3:

" L 22
e sina 1- EiTx;) [eo(TR, , @2)
P pTry. ) R
Ex(Try)- 1 (Tr,, a2)] - & TE1/TE
= My-e TEUTS (23)
where
, (1 1yt 24
ne{n )

Then, according to quantum theory of relaxation (Kelly S
W & Sholl C A, “A relationship between nuclear spin relax-
ation in the laboratory and rotating frames for dipolar and
quadrupolar relaxation,” J. Phys. Condens. Matter 1992;
4:3317-3330), a map of T,, may be provided:



US 9,052,372 B2

ol (25)
3= Z{W +

1 -1
)
As an additional step of the method of the present inven-
tion, optimization of acquisition parameters may be also car-
ried out.

Optimization of sequence acquisition parameters is per-
formed using a combined histogram of actual distributions
(which may be obtained, for instance, by acquisition of a
non-optimized protocol) of relaxometry values in the relevant
region (see for instance FIG. 3, which relates to the knee
region in a 0.25 T magnet).

This is used to numerically calculate the average SNR
obtained in the reconstructed relaxometry maps, as the acqui-
sition parameters (o, ,, TR;, and sampling bandwith)
change.

This value is corrected to account for the number of addi-
tional excitations that a sequence having a shorter TR can
afford, as compared with a sequence with a longer repetition
time, and is finally maximized.

As a mere illustration of a possible result, with an ideal
MRI system that can optimize the sampling times afforded by
sequence timing, the histogram of FIG. 3 will lead to the
following optimized acquisition parameters:

o, =70°

Tr1=21 ms

A,=25°%

Tr>=30 ms;

Tzo=10 ms.

If the following acquisition geometry is used:

FOVLET=200 mm (AP); RES=1 mm;

FOVCOD=200 mm (LL); RES=1 mm;

FOVSEL=120 mm (A); RES=2.5 mm;
then a total acquisition time of about 8 minutes is obtained.

FIGS. 4 to 9 show a few exemplary images obtained with
the method of the present invention.

The figures show MRI images of the knee, obtained with
the method of the present invention, using an Esaote G-Scan
MRI apparatus—with a 0.25 T static field, and two optimized
sequences of the type of the present invention. These images
were acquired using the following parameters: FOV: 200x
200x180 mm; Resolution: 1x1x2.5 mm?; total duration of the
two acquisitions 12. Image reconstruction was performed
using a zero-filling technique over a high-resolution image
matrix (512x512 pixels).

Knowledge of the spin population of the eigenstates
through the steps was used for numerical inversion, voxel-by-
voxel of the corresponding signal equations, thereby provid-
ing quantitive values for proton density maps, and for T, T,
relaxation time maps and T,,, of the whole articulation.

Focal or diffuse cartilage alterations, as determined from
the above mentioned relaxometry maps were compared with
the abnormalities that were visible in normal images.

The figures clearly show that the proton density maps and
relaxation time maps T,, T, and T,,, of the whole articulation,
that were obtained using the method of the present invention
provide evidence of cartilage or bone alterations that would
not be otherwise visible in normal MRI images.

As already mentioned above, the present invention applies
to both two-dimensional 2D and three-dimensional 3D
images.

The invention claimed is:

1. A method of generating 2D or 3D maps of magnetic
resonance imaging (MRI) T, and T, relaxation times com-
prising:
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providing a MRI machine;

causing the MRI machine to acquire a 2D or 3D MRI a
steady state free procession-free induction decay (SSFP-
FID) sequence of a body part;

causing the MRI machine to acquire a dual-echo SSFP

sequence of the body part;

reconstructing images from the SSFP-FID and dual-echo

SSFP sequences;

extracting T, and T, relaxation times for each pixel or voxel

of said images; and

generating a 2D or 3D map of the T, and T, relaxation

times,

wherein T, is the longitudinal relaxation time and T, is the

transverse relaxation time.

2. The method as claimed in claim 1,

wherein T, and T, maps are obtained assuming that the

only physical parameters that affect signal formation are
pure longitudinal (T,) and transverse (T,) relaxation
times, Free Induction Decay time (T,*) and proton den-
sity, and

wherein diffusion, perfusion, chemical shift, magnetiza-

tion transfer and other parameters independently affect-
ing contrast are neglected and single-exponential relax-
ation is assumed for longitudinal and transverse
components of a magnetic moment associated with each
voxel.

3. The method as claimed in claim 1, wherein the T, and T,
relaxation times are extracted for each pixel or voxel from the
MRI signals received from acquisition of said images,
through the steps of:

eliminating dependence on the T," parameter by generat-

ing quotients of the MRI signals for the first image
acquired using the SSFP-FID sequence and those for the
second image obtained from the first echoes of the Dual-
Echo SSFP sequence, and the quotients of the signals for
said third image and those for said second image,
acquired from the second and first echoes of the Dual-
Echo SSFP sequence respectively; and

determining the maps of the T, and T, relaxation times

using numerical inversion methods.
4. The method as claimed in claim 1, wherein a Newton-
Raphson inversion method 2D is used.
5. The method as claimed in claim 1, wherein simplex-
based interpolation is used as an inversion method.
6. The method as claimed in claim 1, wherein a map of T,
in a rotating frame (T,,) parameters is determined according
to values of the maps of T, and T, relaxation times.
7.The method as claimed in claim 1, further comprising the
step of optimizing of acquisition parameters by an empirical
process including:
making a chart with actual distributions of relaxation times
in a predetermined region under examination;

determining a numerical signal-to-noise ratio value from
the maps of T, and T, relaxation times so reconstructed
as a function of variations of acquisition parameters for
various flip angles, repetition times d and sampling band
widths; and

maximizing the signal-to-noise ratio by using the param-

eters related thereto.

8. The method as claimed in claim 1, wherein a signal
corresponding to zero-order unbalanced steady-state coher-
ent magnetization of the first SSFP-FID sequence and for the
first echo of the second Dual-Echo SSFP acquisition
sequence is described by the following equation in which
repetition time=T , echo time=T and flip angle=a.:
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So(Tk, @, Tg) = (0

1 - E(Tg)

[o(Tg, @) = Ex(Tg)- tn(Tg, )] - € "E/T3],
p(Tx, @)

Mosina -

where:

E\(Tg) = exp(-Tr/T}), 2)

E>(Tg) = exp(-Tr/ T2), (3)

p(Tg, @) (C)]
Uo(Tp, @) = ——nt -
Vp2(Tr, @) - ¢?(Tg. @)
Tx, s
(T )= 200 e a1, ©

q(Tg, @)

(T, @) = 1 — E|(Tg)-cosa — E3(Tg) - [E1(Tg) — cosa] (6)

and

q(Ty, @) = E5(Tg)-[1 - E1(Tg)]- [1 + cosal, o

wherein the signal for the second echo of the Dual-Echo
SSFP sequence is described by the following equation:

S_1(Tg, @, Tg) = (3)

where: T =T =Ty, T, andtheT, and T, mapsare obtained
as follows:
assume the derived images

D=1/l ©)]

Dy=I/I, 10)

where I, I, and 1; are the images reconstructed from SSFP-
FID, the first and second echoes of the Dual-Echo SSFP,
respectively;
then the signals for the above signal images of the derived
images D, and D, will be:
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1-FE (T, 11
sina - SICL [0 (Tr1, 1) = Ex(Tr1) -1 (Tr1, @1)] o
5 = p(Tr1, 1)
T T E(TR)
sinay - ——————[uo(Tra, @2) — Ex(Tr2) - 41 (T2, @2)]
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where the dependence from T,” and longitudinal magnetiza-
tion M,, was eliminated,

whereas said system of equations with two equations and
two unknowns is solved to determine T, and T, relax-
ation times by numerical voxel-by-voxel inversion, per-
formed for the signals related to each voxel.

9. The method as claimed in claim 8, wherein a T, map is
determined from T,” and T,™ maps:

1 14yt 25
g, = z{ﬁ - ﬁ} .

10. The method as claimed in claim 9, wherein a proton
density map is determined from the T,” and T,”™ maps by
replacing T,™ and T,™ relaxation times in Equations 2-3:

L 22
My =
’ sina 1- EiTx;) [eo(TR, , @2)
P pTry.an) R
Ex(Try) 1 (Try, @2)] - € TELTE
= My -e TEL/TS (23)
where
! (24)
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